In a number of subduction zones, earthquakes at 50-200 km depth define two dipping planes, separated by 20-40 km, that appear to merge downdip. Upper plane earthquakes are inferred to occur within the subducting oceanic crust, whereas lower plane earthquakes occur in the subducting oceanic mantle. Beneath northeast Japan, the results of a new finite-element heat-transfer model suggest that the lower seismic plane cuts across isotherms at a shallow angle. Lower plane earthquakes occur at ϳ550-800 ؇C at 100 km depth and at ϳ350-600 ؇C at 160 km depth. These conditions coincide with the dehydration reaction antigorite (serpentine) → forsterite ؉ enstatite ؉ H 2 O, which suggests that lower plane earthquakes may be triggered by dehydration embrittlement, which in turn suggests that the subducting oceanic mantle is partially hydrated. Serpentinization may occur in the trench-outer rise region, where faulting may promote infiltration of seawater several tens of kilometers into the oceanic lithosphere. If this hypothesis is correct, current subduction-zone H 2 O budgets may significantly underestimate the amount of bound H 2 O entering the ''subduction factory.''
INTRODUCTION
At depths of Ͼ50 km, high pressure (P) and temperature (T) should inhibit brittle behavior, yet earthquakes in subduction zones occur at depths as great as 670 km. A growing body of evidence suggests that these deeper earthquakes are triggered by metamorphic reactions. Deep-focus earthquakes (Ͼ300 km depth) may be caused by faulting associated with the metastable reaction of olivine to spinel (e.g., Green and Burnley, 1989; Kirby et al., 1991) . Intermediate-depth earthquakes (50-300 km depth) may be triggered by dehydration embrittlement associated with the transformation of metabasalt and metagabbro to eclogite within subducting oceanic crust (Kirby et al., 1996) or with the dehydration of serpentine within the uppermost subducting mantle (Meade and Jeanloz, 1991) . Even at shallow depths (Ͻ50 km) in subduction zones, metamorphic reactions may control the updip and downdip limits of large interplate earthquakes (Hyndman et al., 1997) . In this paper I propose that serpentine dehydration reactions trigger intermediate-depth earthquakes that occur several tens of kilometers beneath the top of the subducting plate.
DOUBLE SEISMIC ZONES
Double seismic zones have been observed at intermediate depths of 50-200 km in a number of subduction zones (Fig. 1) including Alaska (Abers, 1996) , the Aleutians (Engdahl and Scholz, 1977) , northern Chile (Comte et al., 1999) , northeast Japan (Hasegawa et al., 1978) , Kamchatka (Gorbatov et al., 1994) , the Kuriles (Kao and Liu, 1995), New Britain (McGuire and Wiens, 1995) , and Tonga (Kawakatsu, 1986 ). Intermediate-depth seismicity reflects stresses generated by the interaction between the forces that drive and resist subduction, slab flexure, thermal expansion, and metamorphic densification reactions (e.g., Isacks and Barazangi, 1977; Spence, 1987; Kirby et al., 1996) . In many western Pacific subduction zones, focal mechanisms for upper plane earthquakes show downdip compression, whereas lower plane earthquakes show downdip tension, which indicates that slab unbending stresses are important (e.g., Engdahl and Scholz, 1977; Isacks and Barazangi, 1977) . However, intermediate-depth earthquakes beneath northeast Japan and elsewhere persist to depths well beyond the region of slab unbending, suggesting that other stresses play a significant role (e.g., Fujita and Kanamori, 1981) . Stresses in a given subduction zone may also vary with time relative to the last great underthrusting earthquake (Spence, 1987; Christensen and Ruff, 1988) .
The presence of intermediate-depth earthquakes demonstrates that subduction-zone stresses are relieved, at least in part, by faulting, despite the high pressures and temperatures that should inhibit brittle failure. Upper plane earthquakes appear to occur primarily in the subducting oceanic crust (e.g., Hasegawa et al., 1994) and are likely caused by dehydration embrittlement associated with the transformation of metabasalt and metagabbro to eclogite (Kirby et al., 1996) . Lower plane earthquakes occur in the subducting oceanic mantle, and several hypotheses have been advanced to explain their origin, including transformational faulting in enstatite (Kao and Liu, 1995) , gabbro-eclogite transformation in deep-seated (subcrustal) mafic plutons (Abers, 1996) , and dehydration reactions in mantle previously hydrated by plumes (Seno and Yamanaka, 1996) .
One of the best-defined double seismic zones occurs beneath northeast Japan, where old (130 Ma) Pacific lithosphere subducts beneath the Eurasian plate at 91 mm/yr ( Fig.  2A) . Beneath the Tohoku district, intermediate-depth earthquakes define two dipping planes-an upper plane located just below the plate interface as determined from converted seismic waves, and a lower plane located well within the subducting plate (Hasegawa et al., 1994) . The two seismic planes are separated by several tens of kilometers and appear to merge at 150-180 km depth ( Fig. 2B ) (Hasegawa et al., 1978 (Hasegawa et al., , 1994 . Similar double seismic zones are observed beneath the Kanto district to the south and beneath Hokkaido to the north (Hasegawa et al., 1994) .
P-T CONDITIONS OF LOWER PLANE EARTHQUAKES
A two-dimensional, finite-element, heattransfer model was constructed through northeastern Japan in order to examine the P-T conditions of intermediate-depth earthquakes. The steady-state thermal model is very similar to the model presented by Peacock and Wang (1999) extended to 325 km depth. The geometry of the plate interface was defined by seismic reflection studies (Suyehiro and Nishizawa, 1994 ) and converted seismic waves (Hasegawa et al., 1978 (Hasegawa et al., , 1994 . In order to best match the existing surface heat-flow data, radiogenic heat production in the upper and lower crust was fixed at 1.3 W·m Ϫ3 and 0.27 W·m Ϫ3 , respectively, and shear heating at a rate of 0.029 W/m 2 was used along the subduction thrust down to 70 km depth. Flow in the mantle wedge was approximated by using an analytical corner-flow solution beneath a 50-km-thick rigid lithosphere and truncated in the tip of the mantle wedge. The estimated uncertainty in the calculated thermal structure of the slab is Ϯ50-100 ЊC and primarily reflects uncertainties in the thermal properties at depth and the mantle-wedge flow model.
The P-T conditions of intermediate-depth earthquakes in northeast Japan were estimated by superimposing Hasegawa et al.'s (1994) earthquake hypocenters on the calculated thermal structure (Fig. 2B) . Upper plane earthquakes occur at 150-500 ЊC, within the cool upper part of the subducting slab, and may be triggered by dehydration reactions within the subducting oceanic crust, as proposed by Kirby et al. (1996) and Peacock and Wang (1999) . Lower plane earthquakes within the subducting mantle lithosphere occur at ϳ550-800 ЊC at 100 km depth (P ϭ 3 GPa) and ϳ350-600 ЊC at 160 km depth (P ϭ 5 GPa) (Fig. 2B) . The apparent decrease in T with increasing P suggests that lower plane earthquakes may be triggered by a metamorphic dehydration reaction with a negative Clapeyron slope (dP/dT Ͻ 0).
ANTIGORITE DEHYDRATION REACTIONS
Serpentine, Mg 3 Si 2 O 5 (OH) 4 , contains 13 wt% H 2 O and may be an important reservoir of water in subduction zones (e.g., Ulmer and Trommsdorff, 1995) . Serpentine is the most abundant hydrous mineral in ultramafic mantle rocks. At T Ͻ ϳ300 ЊC, lizardite and chrysotile are the stable serpentine polymorphs, whereas antigorite serpentine is stable at T Ͼ 300 ЊC (e.g., O'Hanley, 1996) . Additional hydrous minerals, such as brucite, talc, Mg-chlorite, and amphibole, may be stable in hydrated ultramafic rocks depending on P, T, and bulk composition.
Recent experiments have defined the high-P stability field of antigorite (Fig. 3A) . At P Ͻ 2 GPa, antigorite dehydrates to form forsterite ϩ talc ϩ H 2 O (Ulmer and Trommsdorff, 1995) . Between 2 and 5 GPa, antigorite dehydrates to form forsterite ϩ enstatite ϩ H 2 O (Ulmer and Trommsdorff, 1995; Wunder and Schreyer, 1997) . At P Ͼ 5 GPa, antigorite dehydrates to form enstatite ϩ phase A ϩ H 2 O (Wunder and Schreyer, 1997; Bose and Navrotsky, 1998) . The different experimental studies yield slightly different P-T locations for the dehydration reactions and invariant points (Fig. 3A) ; some of these differences may be related to (1) chemical and structural differences in the antigorite starting material and (2) reaction kinetics.
Lower plane earthquakes in the northeastern Japan subduction zone and the antigorite dehydration reactions occur under similar P-T conditions (Fig. 3B) , which suggests that these earthquakes may be triggered by dehydration embrittlement. Serpentine dehydration increases pore pressures and can promote brittle failure (Raleigh and Paterson, 1965; Meade and Jeanloz, 1991) . Both the estimated P-T conditions of the earthquakes and the antigorite dehydration reaction occur at lower T with increasing P (depth). Subducting oceanic mantle undergoes nearly isothermal compression and therefore intersects dehydration reactions with negative Clapeyron slopes (Fig.  3B) .
The estimated P-T conditions of lower plane earthquakes are considerably broader than the experimentally determined antigorite dehydration reaction. This apparent breadth may reflect, in part, the uncertainty in the location of intermediate-depth earthquakes. An uncertainty of Ϯ10 km in the earthquake hypocenter corresponds to an uncertainty of Ϯ150 ЊC and Ϯ0.3 GPa; the large uncertainty in T reflects the closely spaced isotherms within the subducting slab. There are also significant uncertainties of Ϯ50-100 ЊC in the thermal model. Alternatively, some of the apparent breadth in earthquake P-T conditions may be real. Dehydration reactions in nature are rarely univariant, but instead occur over a range in P-T conditions owing to solid solutions and kinetics. The different experimental results depicted in Figure 3 provide a measure of these compositional and kinetic effects.
OUTER RISE EARTHQUAKES AND HYDRATION OF THE OCEANIC MANTLE
In order for lower plane earthquakes to be triggered by antigorite dehydration reactions, parts of the subducting oceanic mantle must be hydrated. At mid-ocean ridges, hydrothermal circulation and alteration are generally restricted to crustal levels. Seno and Yamanaka (1996) noted that subduction zones exhibiting double seismic zones tend to have relatively deep compressional outer rise earthquakes and proposed that serpentine dehydration reactions were responsible for both types of earthquakes. In the outer rise region, oceanic mantle P-T paths suggest that antigorite dehydration is an unlikely cause of outer rise earthquakes. An alternative hypothesis is that submarine faulting outboard of the trench promotes the infiltration of H 2 O deep into the lithosphere and the formation of hydrous minerals in the oceanic mantle. As in Seno and Yamanaka's (1996) hypothesis, outer rise earthquakes and double seismic zones are linked, but in this proposal, outer rise earthquakes promote hydration of the oceanic mantle.
Outer rise earthquakes, located near the trench within the oceanic plate, occur in all major subduction zones (Chapple and Forsyth, 1979; Christensen and Ruff, 1988) (Fig. 1) . In many subduction zones, the outer trench wall is cut by normal faults several tens of kilometers long with scarps several hundred meter high (Masson, 1991) . The depth extent of outer rise earthquakes is controversial, in part because accurate hypocenter locations for these earthquakes require ocean-bottom seismometer networks. In Christensen and Ruff's (1988) compilation of outer rise earthquakes with well determined depths, tensional events occur to depths of 25 km, whereas compressional events tend to be deeper, reaching depths of 50 km. The fault plane ruptured by a large outer rise earthquake can extend from the seafloor to a depth of several tens of kilometers. For example, the fault plane ruptured by the August 19, 1977, Sumba tensional outer rise earthquake (M W ϭ 8.3) in the Java Trench extends from the seafloor to at least 25-30 km depth and possibly to 60-90 km depth (Lynnes and Lay, 1988 , and references therein). Magnitude 7 outer rise earthquakes likely rupture the cool oceanic mantle (Fig. 1) . A number of large outer rise earthquakes have ruptured the Pacific plate beneath the Japan Trench ( Fig. 2A) . Seno and Gonzalez (1987) analyzed seven outer rise earthquakes (M W ϭ 5-6) in the vicinity of the Japan Trench, and found hypocenters ranging from 2 to 41 km below the seafloor. One of the largest normalfaulting events this century, the 1933 Sanriku tensional outer rise earthquake (M W ϭ 8.4) along the northern Japan Trench, may have ruptured the oceanic lithosphere from the seafloor to a depth of 70 km (Kanamori, 1971) .
Outer rise earthquakes further fracture the lithospheric plate prior to subduction and, in this hypothesis, provide a means by which seawater may infiltrate several tens of kilometers into the plate. Outer rise fault zones have potentially high permeabilities, particularly fault zones associated with normal (tensional) faulting. Deep penetration of seawater into the oceanic mantle may be driven by thermal convection given sufficiently high fault permeabilities (Fyfe et al., 1978) or by seismic (dilatancy) pumping (e.g., Sibson, 1981) . McCaig (1988) demonstrated that seismic pumping is capable of driving hydrostatic surface waters into deep ductile shear zones where fluid pressures are lithostatic. At temperatures of several hundred degrees, oceanic mantle, composed of olivine ϩ pyroxene, will hydrate readily to form serpentine minerals when exposed to H 2 O. Like hydrothermal alteration of oceanic crust, serpentinization of the oceanic mantle is expected to be spatially heterogeneous and localized along fault zones.
During subsequent subduction, compression and minor heating of the subducting oceanic mantle will cause serpentine to break down via dehydration reactions at 50-200 km depth. Dehydration reactions can generate high pore pressures along the preexisting faults in the subducting oceanic mantle, which in turn may induce earthquakes. This hypothesis for lower plane earthquakes is analogous to the dehydration embrittlement model proposed by Kirby et al. (1996) for upper plane earthquakes. In both models, intermediatedepth earthquakes are triggered by increasing pore pressure generated by dehydration reactions; upper plane earthquakes are triggered by dehydration reactions in the subducting oceanic (mafic) crust, whereas lower plane earthquakes are triggered by dehydration reactions in the subducting oceanic (ultramafic) mantle. If this hypothesis for lower plane seismicity is correct and significant amounts of H 2 O are incorporated into the subducting oceanic mantle in the trench-outer rise region, current subduction-zone H 2 O budgets may significantly underestimate the amount of bound H 2 O entering the ''subduction factory.'' Speculating further, perhaps deep-focus earthquakes reflect the dehydration of hydrous minerals, such as phase A, that dehydrate at greater depth than serpentine.
